Biological catalysis involves interactions distant from the site of chemistry that can position the substrate for reaction. Catalysis of RNA 2 0 -O-transphosphorylation by the hepatitis delta virus (HDV) ribozyme is sensitive to the identity of the N(-1) nucleotide flanking the reactive phosphoryl group. However, the interactions that affect the conformation of this position, and in turn the 2 0 O nucleophile, are unclear. Here, we describe the application of multiple substrate internal competition kinetic analyses to understand how the N(-1) nucleobase contributes to HDV catalysis and test the utility of this approach for RNA structure-function studies. Internal competition reactions containing all four substrate sequence variants at the N(-1) position in reactions using ribozyme active site mutations at A77 and A78 were used to test a proposed base-pairing interaction. Mutants A78U, A78G, and A79G retain significant catalytic activity but do not alter the specificity for the N(-1) nucleobase. Effects of nucleobase analog substitutions at N(-1) indicate that U is preferred due to the ability to donate an H-bond in the Watson-Crick face and avoid minor groove steric clash. The results provide information essential for evaluating models of the HDV active site and illustrate multiple substrate kinetic analyses as a practical approach for characterizing structure-function relationships in RNA reactions.
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Enzyme catalysis is due to selective stabilization of the transition state and can result from interactions that are both proximal and distal from the site of bond making and breaking [1] . Understanding how substrates are positioned for reaction on an enzyme, therefore, is essential for understanding the origin of its catalytic power. The hepatitis delta virus (HDV) 1 ribozyme catalyzes self-cleavage via RNA 2 0 -O-transphosphorylation and is an important experimental system for understanding mechanisms of RNA catalysis [2] . In addition, because the enzymatic activity of the HDV ribozyme is required for the replication of the human pathogen, the hepatitis delta virus, this catalytic RNA is a potential target for the development of antiviral therapies. Current models of the HDV catalytic mechanism involve nucleobase-mediated leaving group stabilization by general acid catalysis and metal ion catalysis of nucleophile activation [3] . Information on interactions that position the nucleotides flanking the reactive phosphoryl group comes from high-resolution structures and biochemical data. The conserved G residue at N(1) that contains the 5 0 O leaving group is base-paired to U in the ribozyme active site [4, 5] ; however, interactions with the N(-1) nucleobase that contains the 2 0 O nucleophile are less clear. This site is absent from product structures of the HDV ribozyme, the resolution of precursor models at this position are low, and current models of the active site are based on the structure of the hammerhead ribozyme [3, 5] . Understanding whether, or how, the HDV ribozyme positions the N(-1) nucleobase is important because phosphoryl transfer reactions require in-line geometry of nucleophile and leaving group [6] .
Although most small catalytic RNAs, including the hairpin, hammerhead, and Varkut satellite (VS) ribozymes, use base-pairing interactions upstream and downstream of the cleavage site in order to orient the substrate for in-line attack, in the HDV ribozyme the cleavage site is flanked immediately upstream by a single-stranded 5 0 sequence. Only a single nucleotide upstream of the cleavage site, N(-1), is required for catalysis, and http://dx.doi.org/10.1016/j.ab.2015.04.024 0003-2697/Published by Elsevier Inc. this 5 0 sequence has previously been shown to lower the energetic barrier for HDV ribozyme catalysis and drive the reaction forward via ground state destabilization [7] . However, the precise molecular interactions that contribute to this effect are unknown, and current crystal structures show significant disorder in this region. Direct metal ion coordination to the N(-1) nucleobase is not likely because the divalent metal ion concentration dependence is identical for wild-type substrates and substrates with an abasic residue at N(-1) [7] . Therefore, it is plausible that interactions between the N(-1) nucleobase and additional nucleotides of the ribozyme backbone may be necessary for positioning the nucleophile for catalysis.
Dissecting the structure-function relationships important for RNA catalysis depends, in large part, on comparing the effects of changes in nucleobase and backbone structure on reaction rate and equilibrium constants [8] [9] [10] [11] . For RNA processing and RNA catalysis reactions in vitro, activity is typically measured by scoring the change in the concentration of a single substrate or product over time and fitting these data to the appropriate rate equation [12] . A powerful example is the use of double mutant cycles, in which the interdependence of the effects of mutation or modification at sites on the substrate and enzyme is analyzed [13, 14] . Although direct fitting of time courses is usually preferable, its application can be limited due to differences in enzyme activity and reaction conditions between assays and when absolute concentrations of substrate or product are difficult to quantify.
Internal competition is an alternative method for quantifying relative enzyme rate constants that involves analyzing the change in the alternative substrates or product ratios as a function of reaction progress in reactions containing multiple substrates [15] [16] [17] [18] . In some cases, this approach can complement analyses by direct fitting of kinetic data by providing higher precision, increased throughput, and less sensitivity to variation in enzyme specific activity [15, 16, 19] . Internal competition kinetics has been used extensively to measure kinetic isotope effects [18, 20] , and substrate and product ratios have been measured using a wide range of analytical methods, including mass spectrometry [21, 22] , nuclear magnetic resonance [23, 24] , and radioactive remote labeling [25] [26] [27] . Recently, we described the application of alternative substrate kinetics to simultaneously determine the relative rate constants for multiple pre-tRNA (transfer RNA) substrates for RNase P using both polyacrylamide gel electrophoresis (PAGE) and Illumina sequencing analyses to quantify substrate ratios [28] .
Here, we describe the application of multiple substrate internal competition kinetics to determine relative rate constants for HDV ribozyme reactions containing multiple alternative oligonucleotide substrates in order to understand the nucleobase specificity at the N(-1) position. Analysis of precursor ratios for internal competition kinetics using standard molecular biology methods provides accurate rate constants relative to analyses of individual time courses. Importantly, the results show that accuracy depends on accounting for large differences in intrinsic rate constants for different substrate variants, differences in reaction rate constants due to sequence length, and background levels of unreacted substrates. General strategies for accounting for and minimizing these effects are discussed.
This method was used to analyze reactions containing substrate sequence variants at the N(-1) position together with ribozyme active site mutations at A77 and A78 in order to test a proposed base-pairing interaction between these residues and N(-1). The results from experiments comparing the effects on nucleotide analog substitutions at N(-1) indicate that both steric clash in the minor groove and H-bonding in the Watson-Crick binding face are responsible for the observed specificity for uridine residues at N(-1). These results validate multiple substrate internal competition as a general approach for analyzing RNA structure-function relationships and provide benchmarks for evaluating models of the contribution of the N(-1) nucleobase to catalysis.
Materials and methods

Preparation of HDV ribozyme and substrate RNA
The wild-type HDV ribozyme and site-specific mutant ribozymes were prepared by T7 RNA polymerase transcription from cloned plasmid DNA templates (see Table S1 in online Supplementary material) containing the required promoter sequence using standard procedures [29] . The trans-cleaving version of the HDV ribozyme used in these studies is derived from the antigenomic sequence and contains a shortened P4 stem and a discontinuous J1/2 region (see Fig. 2A in Results and Discussion) [30] . Briefly, 96-bp DNA duplexes containing a 5 0 EcoRI overhang, a 3 0 BamHI overhang, the antigenomic HDV ribozyme sequence driven by a T7 promoter, and a BbsI site positioned to cut 3 0 of the last nucleotide of the HDV ribozyme sequence on the template strand were designed and commercially synthesized (IDT). This construct was inserted into the pUC19 plasmid and cloned into NEB 5-alpha competent Escherichia coli cells. HDV ribozyme-pUC19 plasmid was purified using the Qiagen Plasmid Plus Maxi Kit. Mutations at A78 and A78 were introduced by polymerase chain reaction from purified HDV ribozyme-pUC19 plasmid using reverse primers designed to introduce site-specific mutations [31] . These mutant constructs were inserted into the pUC19 plasmid, cloned into NEB 5-alpha competent E. coli cells, and purified using the Qiagen Plasmid Plus Maxi Kit.
Purified plasmid was prepared for runoff in vitro transcription by restriction digest with BbsI to generate a linear DNA template. Transcription reactions contained 40 mM Tris-HCl (pH 8.0), 20 mM MgCl 2 , 10 mM dithiothreitol, 2 mM spermidine, 4 mM each ribonucleoside triphosphate (rNTP), 20 ll inorganic pyrophosphatase (0.01 U/ll), and 10 ll T7 RNA polymerase (10 U/ll) and were incubated at 37°C for 8 h. The enzyme was removed by phenol-chloroform extraction, and full-length ribozyme was purified by 6% denaturing PAGE and subsequent ultraviolet (UV) shadowing. Excised gel slices were eluted in TE buffer containing 0.1% sodium dodecyl sulfate, and RNA was recovered by ethanol precipitation following phenol-chloroform extraction using standard protocols.
Nine nucleotide synthetic RNA substrates were designed that recognize the seven nucleotides of the P1 stem by base pairing and contain a one-nucleotide overhang at the 5 0 and 3 0 ends. Specific substrate variants were designed that contain all four nucleotide possibilities at position N(-1), 5 0 to the reactive phosphoryl group. As discussed below, additional variants were designed that incorporate one to three additional uridine residues at the 3 0 end to facilitate separation of substrate variants by PAGE (Table S1 ). For example, compared with the nine-nucleotide reference substrate with a U(-1), the substrate C12 contains a C(-1) at the 5 0 end and an additional three uridine nucleotides at the 3 0 end. Substrates containing nucleobase analogs at the N(-1) position were also designed to include 3 0 U residues permitting resolution of multiple substrates in the same reaction by PAGE. RNA substrates were 5 0 end-labeled using c-32 P ATP and OptiKinase and purified by 20% PAGE, elution of gel slices into TE, phenol-chloroform extraction, and ethanol precipitation.
HDV ribozyme multiple and single substrate reactions
To facilitate proper folding prior to reaction, ribozyme RNA was heated at 60°C for 1 min in 40 mM Tris-HCl (pH 8.0) and 1 mM ethylenediaminetetraacetic acid (EDTA), followed by an additional 5 min of preincubation at 37°C. MgCl 2 was added to 6 mM, and the RNA was preincubated for 5 min at 37°C. Cleavage reactions were initiated by the addition of preincubated RNA substrate in reaction buffer. Single turnover kinetics were monitored by removing aliquots at specific times and quenching the reaction in an equal volume of 90% formamide and 100 mM EDTA. Separation of radiolabeled substrate variants and products was achieved by heating to 90°C for 1 min, followed by resolving the precursor and product species using 20% denaturing PAGE. Substrate and product bands were quantified using a Phosphorimager Storm 8 and ImageQuant software (Molecular Dynamics).
For individual substrate reactions, time courses were fit using a single exponential function. Experimental errors were obtained from the standard deviation of at least three independent measurements. For internal competition reactions containing four substrates, the product bands and individual substrate bands ranging from 9 to 12 nucleotides were quantified as described above. The observed rate constant for the entire population time course was fit using a single exponential first-order rate equation in Origin.
Relative rate constants from internal competition assays were determined using the internal competition kinetic analysis described below.
Internal competition kinetics of reactions containing multiple substrates
It is well established that under steady-state conditions alternative substrates act as competitive inhibitors, and their relative rate constants are the ratio of their respective V/K values multiplied by the ratio of their concentrations, where V/K is the second-order rate constant (M -1 s -1 ) at limiting S. The ratio of V/K values for alternative substrates is in fact the quantitative definition of ''enzyme specificity'' [12, 15] . Differences in specificity are due to differences in the activation energies that are measured by V/K for alternative substrates for the same enzyme. As a consequence, faster reacting substrates will be depleted more quickly from the substrate population, resulting in differences in the ratios of individual Fig.1 . The theoretical framework that defines internal competition kinetics can be described by two-dimensional free energy landscapes for the competitive reactions of four substrates at the start of the reaction (left, f = 0), at an intermediate time during the reaction (middle, 1 > f > 1), and after completion (right, f = 1). In each panel, the relative concentrations of each competitive substrate and product are shown on the left and right of the free energy diagram, respectively. Due to differences in activation energy (DGà) for the reactions of the competitive substrates, at intermediate times during the reaction the ratio of the substrates and products will be offset from their initial and final values, respectively. The faster reacting substrates become enriched in the product population (P 2 /P 1 > 1), whereas the slower reacting species are enriched in the residual unreacted substrate population (S 2 /S 1 < 1). These ratios change as a function of f according to the relative rate constant k rel , which is defined by the differences in activation energy (DGà). substrates relative to each other or to a specific reference substrate (Fig. 1) . Differences in rate constants between alternative substrates will also result in a transient accumulation of the products for the substrate with the largest V/K ratio at partial fractions of reaction. By quantitatively analyzing the change in the ratio of the individual substrate and product concentrations as a function of the reaction progress, the rate constants for individual substrates relative to a reference substrate can be measured.
As illustrated in Scheme 1, a single population of enzyme (E) can combine with multiple substrates (S 1 , S 2 , S 3 , . . ., S i ) to form individual ES complexes (ES 1 , ES 2 , ES 3 , . . ., ES i ) that react with rate constants (V 1 , V 2 , V 3 , . . ., V i ) to form the corresponding products (P 1 , P 2 , P 3 , . . ., P i ). The rate of product formation of any individual substrate (v obs1 ) is proportional to the fraction of total enzyme in the ES 1 form [32] ,
where v obs1 is the observed reaction rate (M/s) for depletion of substrate S 1 , V 1 is the first-order rate constant (s -1 ) for the reaction of ES 1 to yield free product (P 1 ) and free enzyme, and f ES1 is the fraction of total enzyme that is in the form that reacts with rate constant V 1 to form free product.
Alternative substrates deplete ES 1 and, consequently, the rate of formation of P 1 . For two substrates, the multiple turnover rate equation is essentially that for competitive inhibition, and the ratio of the two observed rates simplifies to [12, 15, 17, 33] .
Thus, the relative rate constant, or the ratio of the two individual rate constants for the two competing substrates, is the ratio of their respective V/K values multiplied by the ratio of their concentrations. Here, we define this ratio as k rel = (V/K) 2 /(V/K) 1 , where the substrate considered in the denominator is the reference so that a substrate with a larger V/K relative to the reference substrate will have an k rel > 1, whereas a k rel < 1 indicates a lower V/K. As illustrated below, the same relationship holds for any competitive pseudo-first-order reaction and, therefore, is applicable to both multiple turnover and single turnover reactions. For single turnover reactions, the k rel will reflect the ratio of the rate constants for the experimental and reference substrate.
Integration of Eq. (2) describes how the ratio of substrates and products will change over the time course for first-order and pseudo-first-order reactions [32, 34] :
where S 1,0 and S 2,0 are the initial concentrations of the two substrates and S 1 and S 2 are their concentrations after a specific time interval. Given the following definitions for the ratios of S 1 and S 2 , an expression for k rel can be obtained in terms of these ratios for the two substrates:
where S 1 and S 2 are the concentrations of these two substrates at a fraction of reaction f and S 1,0 and S 2,0 are their initial concentrations (f = 0). Note that in this case the reference substrate, S 1 , is in the denominator and so the meaning of k rel is that defined above. Also note that the parameter f, referred to as the fraction of reaction of the S 1 substrate, is defined as follows:
Integration of Eq. (3) expanded to multiple alternative substrates can be used to give the following expression for k rel in terms of substrate ratios R i and R i,0 and the fraction of reaction (f) and the mole fractions for each species (X i ) [17] :
A more complete derivation of Eq. (4) is provided in Guenther and coworkers [28] . Importantly, the k rel for any two substrates will be independent of the presence of all other competing substrates, allowing for the analysis of much larger substrate populations. Using this expression, the experimental data needed to determine the relative rate constants for all substrate species are the fraction of reaction of the population f and the R i ratio for each individual substrate relative to the specific reference (S 1 ). As described in the text, this information is readily obtained using standard molecular biology methods, allowing application of internal competition to a wide range of RNA processing reactions, including RNA catalysis.
Results and discussion
Internal competition kinetic analysis of N(-1) nucleobase specificity by the antigenomic HDV ribozyme
We used the specificity of the antigenomic HDV ribozyme for the N(-1) nucleotide of a substrate RNA oligonucleotide added in trans as a model system to define the utility and limitations of multiple alternative substrate kinetics. The rate constants for HDV ribozyme cleavage of substrates with different nucleobases at N(-1) have previously been shown to vary in decreasing order, U > C > A > G, with the first-order rate constant for the U(-1) substrate being approximately 18-fold higher than that for G(-1) [7, [35] [36] [37] . Recent results from a minimal HDV ribozyme identified in the human microbiome (47 nt) show similar specificity at N(-1) (e.g., U > C > A > G); however, neither the structural nor mechanistic basis for these effects is known [2] . Fig. 2 shows that the trans cleavage reaction of the wild-type, antigenomic HDV ribozyme accurately reproduces this feature of HDV ribozyme catalytic specificity. Direct fitting of the individual time courses to an exponential function shows that changing U(-1) to an A or C results in a 5-to 8-fold decrease in the rate constant for catalysis (k obs ), whereas a G(-1) substrate reacts with an approximately 30-fold slower k obs . Application of internal competition kinetics requires the precise measurement of the ratio of the concentrations of the competing substrates and the fraction of reaction [17] (see Fig. 1 ). To individually quantify different sequence variants at the N(-1) position, we designed a series of substrates in which additional uridine residues were added to the 3 0 end of the RNA to facilitate separation by PAGE. As shown in Fig. 3A , four alternative substrates ranging in length from 9 to 12 nucleotides are easily resolved and can be quantified separately using phosphorimager analysis. The additional uridine residues essentially serve as a remote label for the identity of the nucleobase at the N(-1) position. These values can be used to compute substrate ratios (R i ) and reaction progress (f) as described above. Note that the PAGE results by inspection show that the relative concentration of the U(-1) substrate is depleted early in the time course, whereas the relative concentration of the G(-1) substrate that reacts with the slowest rate constant is enriched at intermediate times. The A(-1) and C(-1) substrates are depleted from the residual substrate population with similar apparent kinetics. Thus, the qualitative changes in the band intensities from PAGE analysis correspond to expectations from measurements of individual reaction time courses.
Optimization of substrate sequence length and reference substrate selection
A potential source of inaccuracy in determination of relative rate constants by internal competition could be interfering or additive contribution to individual rate constants from the presence of additional 3 0 uridine residues used to identify different substrate variants. Therefore, we compared the k rel values obtained from reactions containing two different substrate populations containing four substrates each in which different N(-1) mutations were identified with different substrate lengths. The first population consisted of U9, G10, A11, and C12, and the second one consisted of U9, A10, C11, and G12, where the N(-1) base identity is indicated with its associated substrate sequence length from the native 9 nucleotides up to 12 with the addition of 3 extra uridine residues (Fig. 3A) . The k rel values for mutations at N(-1) were determined by internal competition using Eq. (4)for both populations and were also calculated from rate constants determined by direct fitting data from reactions containing single substrates. In single turnover reactions, all substrates were observed to react to more than 85% completion and fit well to a single exponential function characteristic of a pseudo-first-order reaction. As shown in Fig. 3B and C, the k rel values measured by internal competition for both populations containing mixtures of four substrates correspond with k rel ratios (k rel = k (obs)exp /k (obs)ref ) calculated from reactions containing individual substrates.
Nonetheless, comparison of individual time course data revealed that the sequence length difference used to permit resolution by PAGE does introduce differences in rate constants that must be corrected to precisely measure the intrinsic difference in k rel due to N(-1) mutation. Although the effects of additional 3 0 U residues on k obs are minimal for most substrates, a 2-to 3-fold decrease was observed for A11 and C11 compared with A9 and C9 (Fig. 4A) . The largest effect ($3.5-fold) was observed for C12 relative to the C9 reference substrate. Thus, for most substrates the observed k rel is accurate; however, the structural changes introduced to allow resolution by PAGE can introduce inaccuracies that require correction. The k rel values determined for the HDV ribozyme catalyzed cleavage of N(-1) substrate variants reported below have been corrected for the effect of 5 0 U addition. A second potential source of inaccuracy can arise due to the reduced signal-to-noise ratio at higher fractions of reactions. As shown in Fig. 3A , the relative abundances of the different substrate species becomes altered due to differences in rate constants at intermediate time points. However, at higher fractions of reaction, the substrate ratio measurement becomes dominated by the contributions from residual unreacted substrate. This is evident in Fig. 4B , where the observed k rel values converge at 1 at high fractions of reaction. The reason for this effect is that at later time points the R i values for both the experimental and reference substrates will be similar due to the residual signal from unreacted substrate RNA. Restricting the analysis to low f values where the signal is dominated by the reactive RNA population circumvents this complication. For subsequent analysis, population reaction progress from f = 0.2 to 0.4 was analyzed to minimize these effects.
A third possible source of inaccuracy apparent from these analyses arises from large differences between individual substrate variants and the reference substrate (Fig. 4C) . That is, when the slow reacting G(-1) substrate reaches an f of 0.2, the U(-1) substrate is at an f of more than 0.9 and measurement of its concentration will be subject to inaccuracy due to signal-to-noise limitations. Thus, the measurement of the k rel for G(-1) is less precise due to error in the measurement of the relative abundance of the reference substrate. This effect is illustrated in Fig. 4C , where the range of time where the f value is 0.2 to 0.8 is shown for the U(-1), C(-1), A(-1), and G(-1) substrates. These data show that the fastest reacting U(-1) substrate is essentially completely reacted by the time the concentrations of A(-1) and C(-1) have begun to change appreciably. The G(-1) substrate as the slowest reacting substrate nonetheless changes over a range of time that overlaps with the A(-1) and C(-1) substrates. The A(-1) substrate undergoes reaction with kinetics such that its concentration changes over a range that overlaps most with the other substrates in the population. For these reasons, the A(-1) substrate is chosen as an optimal reference for this set of substrates because its rate constant is intermediate between the slowest and fastest reacting species. Importantly, the collection and processing of data for the experiment do not depend a priori on the choice of the reference substrate, which can be varied in order to cover the range of relative rate constants occurring in the experiment.
Use of internal competition to test a potential pairing interaction involving N(-1)
One likely mechanism for positioning the 2 0 -hydroxyl nucleophile is formation of a pairing interaction between the N(-1) nucleobase and another nucleotide in the catalytic core of the ribozyme. Recent molecular dynamic simulations comparing different points along the reaction pathway suggested that U(-1) may form interactions A78 and/or A79 [38] . The in-line conformation of U(-1) in an activated precursor state where the 2 0 O nucleophile is deprotonated was observed to form an H-bond with the N6 of A78, consistent with the experimentally observed importance of the exocyclic NH 2 group of this residue [39] [40] [41] . In addition, a Watson-Crick base pair was observed to form between A79 and U(-1) when the simulations were performed with an early transition state mimic consistent with the importance of the identity of A78 [39] [40] [41] as well as the nucleobase preference of the -1 position [36, 37] for reactions in vitro. Alternatively, the N(-1) nucleobase could form some variation on these interactions within the catalytic core resulting in the observed specificity. The simple base-pairing model predicts that the detrimental effect of mutation at A78 would be ameliorated by a corresponding change in the substrate N(-1) nucleobase that preserves Watson-Crick base-pairing. More generally, if there are nucleobase-specific interactions in the region of these two nucleobases, the specificity of mutant ribozymes for sequence variation at the N(-1) position could still be affected. 0 U residues on k obs were calculated by direct data fitting of individual substrate, single turnover kinetic time courses. These effects are minimal for most substrates (>2-fold). The largest effect ($3.5-fold) was observed for C12 relative to the C9 reference substrate. Thus, for most substrates the observed k rel is accurate; however, the structural changes introduced to allow resolution by PAGE can introduce inaccuracies that require correction. (B) The observed k rel values decline or increase with increasing f before converging at a k rel of 1. This effect results from the fact that at higher fractions of reaction the substrate ratio measurement becomes dominated by the contributions from residual unreacted substrate. Restricting the analysis to fractions of reaction progress where all substrates are undergoing reaction can avoid potential inaccuracies from this effect. For this analysis, population reaction progress from f = 0.2 to 0.4 was analyzed. (C) Range of time for which the experimental substrate population is undergoing reaction (f = 0.2-0.8). Large differences in observed rate constants between individual substrate variants and the reference substrate can introduce inaccuracies due to signal-to-noise limitations resulting from the relative abundance of the reference substrate. The A(-1) substrate undergoes reaction with kinetics such that its concentration changes over a range that overlaps most with the other substrates in the population and is the optimal reference for this set of substrates.
Individual point mutations at A78 and A79 caused significant defects in HDV ribozyme catalysis, as observed previously [39] [40] [41] . To analyze the effects of mutations at these positions on N(-1) nucleobase specificity, it is necessary to employ HDV ribozyme mutants that retain sufficient activity to allow product formation to be scored. Of all eight possible individual mutations at A78 and A79, only three ribozymes retained significant activity. The A78G, A78U, and A79G mutants retained the greatest activity, with k obs values in single turnover experiments of 0.03, 0.0017, and 0.0015 s -1 , respectively (see Fig. 2 ), corresponding to decreases of 4-to 100-fold compared with the native HDV ribozyme. As shown in Fig. 5 , the specificity of the HDV ribozyme cleavage is insensitive to mutation of A78 to either U or G and, likewise, does not change for the A79G mutant. For all three mutant ribozymes, there are significant and quantitatively similar decreases in k obs when U(-1) is mutated to A, C, or G (Table S2 ). The simplest interpretation is that there is no nucleobase-specific interaction between N(-1) and A78 or A79. Alternatively, these interactions may occur at a point along the reaction coordinate that is not rate limiting and, therefore, not reflected in the k obs measured under the current conditions.
Comparative analysis of the effects of chemical mutagenesis of N(-1)
To gain additional information on the chemical basis for the N(-1) nucleobase specificity, we used internal competition to determine the effects of nucleotide analog substitutions at the N(-1) position. Previous analysis showed that whereas purines at N(-1) bind tightly, this stability correlates with lower catalytic efficiency [36, 37] . The preference for pyrimidine nuclebases at the N(-1) position of the HDV ribozyme substrate has also been attributed to ground state destabilization [36] . An abasic residue at N(-1) binds with a dissociation constant similar to a pyrimidine at this position yet reacts 10-fold slower, which has been interpreted as reflecting greater disorder and, consequently, deviation from optimal inline geometry [7] . In solution, different nucleobases flanking the reactive phosphoryl group result in different rates due to the intrinsic effect on pK a of 2 0 -OH and, presumably, could reflect differences in the HDV active site as well. Thus, no clear role has emerged for interactions involving the nucleobase 5 0 to the HDV reactive phosphoryl group despite evidence that aspects of its chemical structure contribute to catalysis. Accordingly, the effects of a series of nucleotide analog substitutions at N(-1) were tested (Fig. 6A) . Individual substrates were modified to contain additional 5 0 -U residues to provide resolution by PAGE. Two substrate populations consisting of four individual substrates were analyzed. Due to the low rate constants, for cleavage of the nucleotide analog substrates, we used the G(-1) substrate variant as the reference substrate in order to determine the relative rate constants for the remaining three substrates in the reaction. The two substrate populations consisted of substrates in which the N(-1) position was changed from guanosine (G9) to inosine (I10), 2-aminopurine (2AP11), or purine (Pu12), and additional uridine residues were added to achieve substrate oligonucleotide lengths of 9, 10, 11, or 12 nucleotides, respectively. Similarly, the substrates in the second population were modified at the N(-1) position to contain 2,6-diaminopurine (DAP10), 2,2-dimethyladenosine (DMA11), or 3-methyluridine (3MU12) with similar additional sequence lengths to allow separate quantification by PAGE. As illustrated above for N(-1) mutations, the k rel value for each substrate was determined by fitting R i and f data using Eq. (4) at f values of 0.2 to 0.4. To provide further validation for the analytical method, individual rate constants were determined by direct fitting data from reactions containing each substrate individually. The values obtained using the two different methods are compared in Fig. 6B .
An increase in k rel is observed for inosine at N(-1) compared with the reference G9 substrate, consistent with interference due to the presence of an N2 amine group in the minor groove. This interpretation is consistent with the effects of 2,6-diaminopurine (DAP) and purine relative to the A(-1) substrate variant. The DAP and 2AP substrates differ from adenosine by the addition of an N2 amine in the minor groove, and both result in a decrease in k rel compared with adenosine at N(-1). Interestingly, substitution with purine at this position, which shares the sterically unrestricted minor groove of adenosine but lacks a hydrogen bond acceptor in the major groove, also shows a decrease in k rel compared with adenosine. This chemical modification suggests that a hydrogen bond donor in the major groove may be a positive determinant of catalysis. The substrate variant containing N6-dimethyladenosine further explored this possibility. The relative rate constant for catalysis of the N6-dimethyladenosine substrate is equivalent to that observed for purine ribonucleoside, which is consistent with a hydrogen bond donor in the major groove as a positive determinant for catalytic specificity. The results for 3-methyuridine show a significant decrease in k rel compared with a U at the N(-1) position. Although aromatic methylation leads to increased hydrophobicity and stacking ability, in light of the detrimental effect of N6 methylation of A, the effect of methylation of the N3 of U(-1) may arise due to decreased ability to hydrogen bond in the major groove.
High-resolution crystal structures in the pre-cleavage and post-cleavage configurations exist for the HDV ribozyme and provide additional insight into the role of this position. Although the determination of the structure for the self-cleaved form of the HDV ribozyme revealed the nested double pseudo-knot structure of the ribozyme and the general positioning of the substrate, the absence of the 3 0 product led to minimal insight regarding the specificity at the N(-1) position [20] . In the pre-cleavage structure, the U(-1) nucleotide is sharply bent approximately 180°away from the downstream substrate strand, positioning this residue in the catalytic core [5] . However, this structure contains an inactivating mutation at C75 that is predicted to destabilize the conformation of the active site. In addition, in the pre-cleavage structure most likely to reflect the active conformation of the HDV ribozyme catalytic core, poor electron density was observed for U(-1) [3, 42] . Orientation of this critical region of the substrate strand within the active site of this structure was achieved by superpositioning the corresponding residue downstream of the scissile phosphate in the hammerhead ribozyme structure. However, biochemical probes of ribozyme structure reveal that global and local structures are influenced by the identity of the nucleobase at the N(-1) position.
Although mutations at N(-1) show only subtle changes in terbium cleavage patterns, fluorescence resonance energy transfer (FRET) fluorophores attached to the termini of P2 and P4 show significant changes, suggesting substantial fluctuations in the architecture of the catalytic core [35] . Molecular mechanic simulations observe significant changes in the angle of the kink around the cleavage site, which varies from 178°for U(-1) to 86°f or A(-1) [31] . These simulations support a model in which the relative lack of H-bond interactions for U(-1) results in the sharpest kink around the scissile phosphate, forming a U-turn motif to expose the cleavage site to the active site general acid (C75). Although attractive, this model requires rigorous kinetic examination in order to understand the precise interactions underlying the structural changes due to variation at N(-1).
Summary
The results presented here illustrate the use of multiple substrate reactions and the application of internal competition kinetics to interrogate in vitro RNA processing reactions. The analyses reveals important aspects of experimental design and interpretation to consider in order to maximize accuracy of the resulting relative rate constants. However, this general approach can be used to rapidly test the effects of substrate mutations as well as chemical modification on reaction rate constants. This method should be widely applicable to analyze RNA processing reactions in vitro because it takes advantage of substrate labeling, separation, and detection methods that are standard in the field. The results obtained for the HDV ribozyme provide important new mechanistic details regarding the chemical specificity of the RNA active site for the nucleobase at N(-1) that is highly valuable for evaluating structural and mechanistic models of HDV ribozyme catalysis.
